ABSTRACT The laser dye rhodamine 123 is shown to be a specific probe, for the localization of mitochondria in living cells.
Since the classical investigations of the. mitochondrion some 90 years ago, much work has been carried out on the structure and function of this complex organelle. Extensive biochemical studies of mitochondria have proved that they play a cardinal role in the generation of energy essential for the survival and proliferation of eukaryotic cells (1) (2) (3) (4) . As intracellular organelles, mitochondria show remarkable plasticity, mobility, and morphological heterogeneity (5) (6) (7) (8) (9) (10) (11) (12) (13) . Mitochondrial morphology is influenced by the metabolic state of the cell, cell cycle, cellular development and differentiation, and by pathological states (14) (15) (16) (17) (18) (19) (20) . In addition, both morphological and functional changes in mitochondria have been shown to occur in conjunction with neoplastic transformation (21) .
Although isolated mitochondria and mitochondria in fixed cells have been extensively investigated, much less attention has been paid to mitochondria in living cells. Previous investigations of mitochondria in living cells have been hampered by the lack of techniques allowing high-resolution visualization of these organelles. Use of Janus Green B, a dye relatively specific for mitochondria, aids somewhat in their recognition but also causes mitochondrial distortion and cytotoxic effects (5, 22) . Rhodamine compounds have been used as histological stains (23, 24) , and a number of fluorescent probes have been utilized in investigations of the energy state of isolated mitochondria (25) (26) (27) . The compound rhodamine 6G has been reported to act as a potent inhibitor of oxidative phosphorylation and to block the adenine nucleotide translocase in isolated rat liver mitochondria (28) . It has also been proposed that the phenotypic expression of rhodamine 6G resistance in mutants of the yeast Saccharomyces cerevisiae may be controlled by nuclear and mitochondrial (29) sponsible for mitochondrion-specific staining in such a preparation has been characterized as rhodamine 3B (unpublished data). This finding prompted us to screen various rhodamine compounds for mitochondrion-specific staining. The results reported here describe the use of the laser dye rhodamine 123 as a specific fluorescent probe for mitochondria in living cells. Rhodamine 123 stains mitochondria directly (without passage through endocytic vesicles and lysosomes) and provides lowbackground high-resolution fluorescent images of mitochondria without apparent cytotoxic effects.
MATERIALS AND METHODS
The purified laser dye rhodamine 123 (Eastman) was dissolved in double-distilled water at a concentration of 1 mg/ml and subsequently diluted to 10 ,g/ml in Dulbecco's modified Eagle's medium (GIBCO). Cultured cells grown on 12-mm round glass coverslips (Rochester Scientific, Rochester, NY) were incubated with rhodamine 123 (10 ,ug/ml) for 30 (Fig. 2) . The two images are essentially superimposable. In a few areas the images do not exactly coincide, probably as a result of mitochondrial movement during the interval (15-30 sec) between the fluorescent and phase-contrast photographs. In fact, the movements of rhodamine 123-stained mitochondria which can be traced in such photographs reflect the dynamic aspect of these organelles in the living cell. In addition, fluorescently labeled structures could be isolated from rhodamine 123-stained cells by standard fractionation procedures used for mitochondrial isolation, further indicating that rhodamine 123-stained structures in living cells are mitochondria. Furthermore, the antibiotic valinomycin which has been shown to act as a potassium ionophore in biological membranes and to induce mitochondrial swelling (4, 32) Fig. 3 (33 ). An example of mitochondria stained with rhodamine 123 and excited at both 546 and 485 nm is presented in the color photographs of Fig. 4 .
Mitochondria were stained by rhodamine 123 at concentrations of 0.1, 1.0, 10, 100, and 1000 ,tg/ml (30 min, 370C Fig. 5 which shows: (a) rat cardiac muscle cell with characteristic large, globular mitochondria, (b) Pt K1 (marsupial kidney) cell with filamentous mitochondria radiating from the perinuclear region, (c) mouse B lymphocyte, (d) mouse 3T6 cell demonstrating an interconnecting mitochondrial network, (e) mouse sperm showing mitochondria characteristically located in the midpiece, (f) human erythrocytes which contain no mitochondria and are unstained by rhodamine 123, and (g) rat embryo fibroblast with abundant small mitochondria of various shapes, some of which lie beneath the nucleus. Rhodamine 123 staining has also been used to monitor mitochondrial distribution under a number of experimental conditions. Two examples are described here.
(i) Rat fibroblasts infected with Rous sarcoma virus with a temperature-sensitive mutation in the src gene (Ts-B77-Rat 1) were shifted from a nonpermissive temperature (39°C) to a permissive temperature (340C); they showed a rapid redistribution of mitochondria to the perinuclear region that could be detected by rhodamine 123 staining (Fig. 6 ). This event occurred as early as 30-60 min after the temperature shift.
(ii) The disruption of microtubles by colchicine treatment (10,g/ml, 16 hr) resulted in the distortion of mitochondrial shape and disorganization of mitochondrial distribution in gerbil fibroma (IMR-33) cells (Fig. 7) . Such an effect was not detectable in cells treated with lumicolchicine (10,ug/ml, 16 hr).
DISCUSSION
The molecular basis of specific interaction between rhodamine 123 and mitochondria remains to be determined. No staining of the plasma membrane or nuclear envelope is detected, and apparently membranes of lysosomes, endoplasmic reticulum, or Golgi complex are not stained. Therefore, rhodamine 123 does not react nonspecifically with biological membranes. A number of lipophilic fluorescent probes utilized in studies of isolated mitochondria interact with the mitochondrial membrane and show changes in their fluorescent characteristics based on the energy state of the mitochondria (25) (26) (27) . Rhodamine 6G, which is positively charged at pH 7, has been shown to inhibit oxidative phosphorylation and block adenine nucleotide translocation in isolated rat liver mitochondria, whereas the related compound rhodamine B, which is uncharged at physiological pH, does not influence energy-linked mitochondrial functions (28) . Rhodamine 123 also is positively charged at physiological pH and therefore may behave similarly to rhodamine 6G. However, rhodamine 123 does not appear to have the cytotoxic effects of rhodamine 6G. In screening a number of rhodamine compounds it has become apparent that only those that are positively charged at physiological pH-namely, 123, 6G, and 3B-are able to stain mitochondria specifically whereas uncharged rhodamines (such as B, 19, 110, and 116) and the negatively charged compound fluorescein do not. These results suggest that an attraction of cationic rhodamine molecules by the relatively high negative electric potential across the mitochondrial membrane may be the basis for the selective staining of mitochondria by rhodamine 123 in living cells.
After colchicine treatment, mitochondria are relatively difficult to visualize by phase-contrast microscopy, and alterations in mitochondrial shape and distribution are difficult to detect. However, by the use of rhodamine 123 it is clear that colchicine results in distortion in both the shape and distribution of mitochondria (Fig. 7) , probably by effecting the depolymerization of microtubules. Electron microscopic studies of neuronal axons by Smith and coworkers (34, 35) (36) . The observations by Heggeness et al. (37) , made by the use of antisera directed against cytochrome c oxidase for mitochondrial localization and tubulin for microtubule localization in fixed cells, also suggest a structural relationship between these two cytoplasmic components.
Mitochondrial staining by rhodamine 123 also allows the visualization of a relatively early event in Rous sarcoma virusinduced transformation. The clustering of mitochondria to a perinuclear region is observed in cells transformed with a temperature-sensitive mutant in the src gene of Rous sarcolna virus as early as 30-60 min after a shift from nonpermissive to permissive temperature (Fig. 6 ). This event may be related to transformation-associated changes in the cellular cytoskeleton. However, we have thus far been unable to detect accompanying alterations in cytoskeletal systems including microfilaments, microtubules, and 10-nm filament as detected by indirect immunofluorescence in such temperature-shift experiments.
Alternatively, if one adopts the view that the distribution and movement of mitochondria are not dictated by the cytoskeleton, then the redistribution of mitochondria in Rous sarcoma virus-transformed cells may reflect a rapid change in a noncytoskeletal element that is normally involved in the regulation of mitochondrial distribution. Finally, it is also possible that the transformation-associated change in mitochondrial distribution observed here may reflect other biochemical and functional changes that may occur in the mitochondria of transformed cells (21) . In accordance with such a possibility is the report that Rous sarcoma virus RNA and Rous sarcoma virus associated proteins are present in the mitochondria of cells infected with Rous sarcoma virus (38) . Rat 
